The Clinical Dementia Rating (CDR) is a common rating system used in clinical trials and longitudinal research projects to rate the presence and severity of cognitive problems in Alzheimer disease and related disorders. The interview process requires training and can be time-consuming. Here, we describe the validity, reliability, and discriminative ability of a computergenerated CDR using a personal digital assistant format. This project used clinical data from 138 archival and live evaluations (patient and informant interviews) collected for research purposes at Washington University to develop and test a software-based system for the administration and automatic scoring of the CDR. The system was programmed for use on a hand-held computer via the Palm Operating System. We developed domain-specific algorithms to quantify and translate clinical scoring decisions for the 3 cognitive (Memory, Orientation, Judgment and Problem Solving) and the 3 functional (Community Affairs, Home and Hobbies, Personal Care) domains of the CDR. An acceptable set of algorithms were developed using data from 104 research cases, reflecting a range of impairment levels (CDR 0 to 3) and expert scoring decisions. These algorithms were then tested for accuracy in a validation sample of 34 cases. The computer-generated CDR has excellent internal consistency (Cronbach's a ranging from 0.94 to 0.98) and interrater reliability (intraclass correlation coefficient ranging from 0.88 to 0.96). The computer-generated CDR showed excellent discrimination between demented and nondemented cases (Area under the curve = 0.95; 95% confidence interval, 0.84-1.1). The computer-generated CDR using a Palm Operating System is easy to use, valid, and reliable. The level of agreement compares favorably to published interrater reliability data for the CDR. Software-based administration and automatic scoring of the CDR is a viable alternative to paper-based methods and may be useful in research and clinical settings, especially where electronic data management and reliability in scoring are critical.
T
he Clinical Dementia Rating (CDR) is a commonly used clinical staging instrument characterizing the presence and severity of dementia in Alzheimer disease (AD) and related disorders. 1, 2 The CDR is generated from a semistructured interview with the patient and a knowledgeable collateral source, such as the spouse or adult child. The CDR is derived using information from the clinical assessment but without reference to psychometric performance, and rates cognitive function in 6 categories (Memory, Orientation, Judgment and Problem Solving, Community Affairs, Home and Hobbies, and Personal Care). The global CDR is derived by synthesizing ratings in each of the 6 categories where CDR = 0 indicates no dementia, CDR = 0.5 signifies uncertain or very mild dementia, 3, 4 and CDR = 1, 2, or 3 corresponds to mild, moderate, or severe dementia. 1, 2 The CDR scoring table includes descriptive ''anchors'' that guide the rater in determining individualized domain ratings based on interview data and clinical judgment. Domain scores are intended to reflect cognitive, behavioral, and functional changes resulting from dementia. When administered in a standardized manner by a trained rater, the CDR is a valid and reliable tool for staging dementia-related impairment. [5] [6] [7] [8] Unlike norm-based psychometric measures, which compare individual functioning to a reference group, the CDR measures intraindividual change from predementia baseline. Dementia presentation can vary widely across individuals, thus requiring an individualized approach. An individualized approach negates confounding factors (age, education level, race, etc) and ceiling/floor effects that limit many norm-based measures. 9 The CDR is reliant on informant data. Persons with dementia often lack insight into their deficits, making informant data quite helpful for confirming true cognitive-functional changes from past baseline.
There are several disadvantages to current methods of generating the CDR. The administration and scoring of the CDR is conducted through live interviews with patient and informant; data are recorded on paper and scored. Although this format may provide information to support clinical judgment, the CDR interview can be time-consuming (taking 45 to 60 min) and therefore impractical for many clinical and research settings. In addition, paperbased data can be problematic when computer analysis or electronic charting is necessary. Transference of paper records into a computerized database adds time and the potential for error to the process.
To improve the efficiency of the CDR in its administration, scoring and data management, and thus improve its utility, a collaborative project was initiated to develop, test, and validate a computer software-based system. Such a system needed to be built on a readily available platform; user friendly and capable of being operated correctly with minimal training; fully automated yet also modifiable in response to clinical judgment; and capable of electronic data transfer for desktop computer storage and analysis. Of the range of available devices, the Palm Pilot platform and associated operating system (OS) were chosen for programming of the prototype software. These hand-held computer devices have been available in the marketplace for over a decade, and have good connectivity to the desktop PC. In addition, many software titles exist for the Palm OS, including programs that connect to Microsoft data management products, such as Excel and Access.
METHODS

Sample Description
Project team members translated the CDR interview into a software application for hand-held computer administration. The computerized interview includes userfriendly entry screens for patient demographics, interview questions, and content notes. The computer algorithm for obtaining the global score is also incorporated. Four independent samples were used in this project. The CDR interviews were entered by hand by researchers while watching the interview on a TV screen to simulate how the Palm would operate when clinical information was entered as part of a real interview. The scoring algorithm was first developed (Fig. 1 ) using 9 training videos from Washington University's Brief Training and Reliability Protocol (BTRP) for the CDR conducted by a single CDR expert (J.C.M.) (http://alzheimer.wustl.edu/cdr/). The 9 BTRP interviews include examples of both normal cognitive aging and AD, and cover all CDR impairment levels (2 interviews for CDR = 0, 0.5, 1 and 2; 1 interview for CDR = 3).
To test the generalizability of the initial domain algorithms, an independent set of 95 cases were randomly selected from the Washington University research files. This new sample of cases reflected all impairment levels (CDR 0 = 24; CDR 0.5 = 24; CDR 1 = 22; CDR 2 = 15; CDR 3 = 10). In addition, a variety of dementia etiologies were studied (24 nondemented; 53 AD; 8 uncertain dementia; 10 other disorders (including Parkinson disease, vascular dementia, dementia with Lewy bodies). In this sample, interviews were conducted and scored by different clinicians (neurologists, geriatricians, psychiatrists, and mastersprepared nurse clinicians).
Lastly, 2 validation samples were used. Data from 20 cases from the Washington University research files were randomly selected reflecting a variety of CDR stages (CDR 0 = 3; CDR 0.5 = 9; CDR 1 = 4; CDR 2 = 2; CDR 3 = 2) and diagnoses (3 nondemented, 16 AD, 1 uncertain dementia). In addition, a trained nurse clinician used the system for 14 live data collection during research evaluations in the community. The following impairment levels were represented: CDR 0 = 7; CDR 0.5 = 3; CDR 1 = 1; CDR 2 = 1; CDR 3 = 2. Primary diagnoses included 7 nondemented, 2 uncertain dementia, and 5 AD individuals. Entries were made to the computer while an independent and blinded clinician administered the CDR in the standard fashion on paper. The clinician entering this live data did not alter scores based on clinical judgment, allowing the computer-based algorithms to make all determinations.
Algorithm Development Sample
The approach used to develop and refine domainspecific algorithms did not lend itself to traditional statistical methods, such as logistic regression. Computer logic was needed to reflect the ''binary'' thinking and decision rules built into the CDR. The approach adopted resembles the logic of Classification and Regression Tree (CART) analysis with the CDR domain scores viewed as categorical outcomes and the predictor variables being item responses to corresponding interview questions. For example, in the CDR domain ''Judgment and Problem Solving,'' the informant is asked to report on the observed functioning of the patient (eg, ''Can he/she handle a household emergency-plumbing leak, small fire?'') and the patient is tested with questions on similarities/differences between objects, mathematical calculation, and common sense judgment (eg, ''Upon arriving in a strange city, how would a person locate a friend there that they wished to see?''). Response patterns to these questions were examined across many cases to identify a set of rules that would accurately predict assigned clinical scores ( Table 1) . As model cases for training, the BTRP patient/informant interviews were useful for developing initial scoring algorithms for each domain. Decision patterns linking interview content to selected clinical scores could be readily discerned and applied in rule form. Scoring rules from the initial algorithms did not initially translate well to ''real world'' cases. Agreement rates between computer and clinician were below 50%. Conventional CDR scoring requires that all information be used to create single scores for Memory, Orientation, and Judgment and Problem Solving, but these are based on data from 2 sources: patient and informant. It soon became clear that clinician interviewers in the 95 case samples assigned different weight or emphasis to information obtained from informant and patient when generating specific domain scores. In response to this observation, the computer algorithm was adapted to generate separate patient and informant scores for three cognitive domains (Memory, Orientation, Judgment and Problem Solving) to maintain the integrity of the original decision-making process. A single informant score was used for the remaining 3 functional domains (Community Affairs, Home and Hobbies, Personal Care). With this method, differential weighting could be included, such that patient and informant domain scores, once calculated, may be more accurately combined to obtain overall domain scores. Table 1 illustrates the first step in this process for the Judgment and Problem Solving domain with regard to interview data from the patient. Three separate item clusters were created based on this patient content: (1) similarities and differences (S and D), (2) calculation, and (3) judgment. The classification criteria were determined so as to most accurately predict the ''gold standard'' scores of Washington University raters. A similar process was followed to derive the informant domain score for Judgment and Problem Solving and the other domain scores (Memory, Orientation, Home and Hobbies, Community Affairs, Personal Care).
Generalizability Sample
In the next step, the team developed an additional algorithm to merge patient and informant domain scores. A simple average was unreasonable, as half and quarter points do not exist in the CDR. Instead, specific scoring rules were assigned based on patterns of clinical judgments present in the 95 case samples. A tangible strength of the CDR interview lies in its ability to collect informant data and apply this to understanding dementia status. Persons with dementia typically lack insight into their deficits, making some patient-derived information suspect. In the experience of Washington University clinicians, clinical judgment will often favor informant data in making scoring decisions. 10 In general, the algorithm for each final domain score reflects this reality by assigning more weight to informant data at the low end of the severity continuum (0, 0.5, 1); and, conversely, more weight to patient data at the higher end of impairment to account for multiple errors. 2, 3 The algorithm to determine final domain score for Judgment and Problem Solving is depicted in Table 2 .
Statistical Analysis
All analyses were performed using SPSS v. 13.0 (Chicago, IL). Validity was assessed comparing the performance of the Palm algorithms with a gold standard-in this case, the BTRP using Spearman correlation coefficients. 9 Receiver operator characteristic (ROC) curves and the area under the ROC curve (AUC) were generated to reflect graphically and quantitatively the ability of the Palm algorithms to discriminate between nondemented patients (CDR 0) and patients with dementia (CDR Z0.5). The sensitivity, specificity, and positive and negative predictive values of the Palm algorithms were calculated.
Internal consistency was examined as the proportion of the variability in the responses that is the result of differences in the rating format (clinician vs. Palm). Internal consistency was reported as Cronbach's a reliability coefficient. 9, 11 Intraclass correlation coefficients (ICC) were calculated to assess the percent agreement between raters (interrater reliability). The ICC is computed from multiple observations of the same variable to evaluate the consistency among the raters rather than absolute agreement. 9, 11 Simple agreement (ie, the proportion of responses in which 2 observations agree) is strongly influenced by the distribution of positive and negative responses, and also the possibility of agreement by chance alone. 11 We used the scheme reported by Fleiss and Chilton 12 in assessing agreement. An ICC between 0.55 and 0.75 was considered good agreement whereas an ICC statistic greater than 0.76 was considered excellent. 
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RESULTS
Algorithm Development
A preliminary set of domain algorithms were programmed based on BTRP interview material, achieving an absolute agreement rate of 89% (8 of 9 correct) comparing the global CDR scores between computer and BTRP gold standard ratings. Concurrent (criterion) validity is the correlation of the computer-generated CDR compared with gold standard CDR from the BTRP to assess the ability of the computer-generated CDR to adequately differentiate groups that should be differentiable. 9, 11 The computer-generated CDR was highly correlated with the BTRP CDR (Spearman correlation 0.974, P<0.001) For the 1 case in error, the computer rated the patient's cognitive-functional impairment as moderate (CDR = 2), whereas the gold standard rating was in the mild range (CDR = 1).
Generalizability Sample
The combined domain-specific algorithms produced a good match with the clinician-generated scores, ranging from 77% to 93% (Table 3) . Also, the combination algorithms resulted in more accurate scores (relative to clinician determined scores) than informant or patient domain scores alone. With regard to the Global CDR Score, the software-generated domain scores yielded correct global scores via the published Washington University algorithm in 86% (82 of 95) of the cases.
We tested the degree to which the computer-generated CDR scores were free from random error by assessing the internal consistency with Cronbach's a. 9, 11 This provides an estimate of reliability based on all possible correlations between items. Cronbach's a for the individual domains was good, ranging from 0.86 for the Memory domain to 0.66 for Orientation (Table 4) . Interrater reliability was assessed with ICC statistics (Table 3 ). There was good agreement between the clinician and computer-generated CDR scores in every domain except Orientation.
Team members then met to review the 13 (of 95) cases that did not match, focusing on rule modifications to enhance accuracy. In most instances, however, data outside of the structured CDR interview questions (ie, open-ended questions) were considered primarily responsible for scoring decisions, suggesting that the clinician had the benefit of live interaction with the patient and information that influenced his/her scoring decisions. Such experience cannot be programmed. The core set of decision rules could not be altered without creating scoring deviations in the sample, however an option for a manual override option was incorporated to allow for clinician judgment to be integrated into the final CDR score. 
Validation Samples
To validate the computer-generated CDR, data from 20 recent archived research cases and 14 ''real-time'' CDR interviews were evaluated. Results of these validation efforts are presented in Table 4 . The percentages of agreement between clinician and software-generated domain scores range from 68% to 85% with agreement higher in the live administration cases. Among the 4 cases that did not match, the software underestimated impairment by 1 level in 2 cases (assigning CDR 1 to a CDR 2 case, and a CDR 2 to a CDR 3 case), and overestimated in 2 cases (assigning a CDR 0.5 to a 0 case, and a CDR 1 to a 0.5 case). The agreement in global CDR between raters was 88%, corresponding favorably to published interrater reliability showing 83% agreement in global CDR rating. 5 Internal consistency in the validation samples was excellent with Cronbach's a ranging from 0.94 to 0.98 (Table 4) . Interrater reliability was also excellent for individual CDR domains ranging from 0.88 for Judgment and Problem Solving to 0.95 for Orientation. The ICC for the Global CDR was 0.96 [95% confidence interval (CI), 0.92-0.98] suggesting excellent agreement between the clinician and computer-generated CDR.
Discriminative Properties of the Computergenerated CDR in the Validation Sample ROC curves were generated to measure the ability of the computer-generated CDR to correctly classify CDR 0 (nondemented) versus CDR Z0.5 (demented) in the validation samples (n = 34). For the comparison of CDR 0 versus CDR Z0.5, the AUC was 0.95 (95% CI, 0.84-1.06; P<0.001), suggesting excellent ability to discriminate between nondemented and demented individuals. When only CDR 0 and CDR 0.5 cases (n = 23) were considered, the AUC = 0.95 (95% CI, 0.84-1.1; P<0.001) suggesting that the Palm-based CDR had excellent ability to discriminate very mild cases of cognitive impairment often presenting the greatest clinical challenge. The software prototype showed a sensitivity of 100%, and a specificity of 96%. With a dementia prevalence of 47%, the positive predictive value was 90%, and the negative predictive value was 100%.
DISCUSSION
This project used clinical data from archival and live evaluations (patient and informant interviews collected for research purposes; n = 138) to develop, test, and validate a software-based system for the administration and automatic scoring of the CDR. The system was programmed for use on a hand-held computer via the Palm OS-a readily available platform with good connectivity for data transfer to desktop applications. After programming CDR items into a user-friendly format for data entry, a primary challenge was the development of domain-specific algorithms to accurately translate interview data for 3 cognitive (Memory, Orientation, Judgment and Problem Solving) and 3 functional (Community Affairs, Home and Hobbies, Personal Care) domains of the CDR.
After defining a set of acceptable algorithms, we piloted use of the computer-generated CDR in the field and demonstrated excellent validity and reliability properties. The computer-generated CDR was highly correlated with the traditional clinician-generated CDR and had high internal consistency and interrater reliability. The computer-generated CDR also showed excellent discrimination between demented and nondemented cases compared with the clinician-generated CDR. This level of agreement compares favorably to published interrater reliability data for the CDR and suggests that computer-based administration and scoring may be a viable option in many settings. 6 Of note, the prototype software system was especially accurate for distinguishing response patterns between CDR 0 and 0.5 cases, the most challenging distinction for practicing clinicians.
The strengths of the computer-generated CDR included its accuracy and ease of use. In all the cases tested in developing and testing this prototype system, no error in global CDR score was greater than 1 level. In other words, when the prototype was incorrect, it missed by a close margin. An individual with mild impairment may be labeled as very mildly impaired or moderately impaired, but not severely impaired. Of note, during development and validity testing, only 1 nondemented CDR 0 case was assigned a CDR 0.5 case and no cognitively impaired individuals were rated as CDR 0, nondemented by the Palm software. Infrequent errors of this type may be acceptable in some settings, especially when other sources of information are available to guide clinical judgment. In the area of clinical evaluation and care, it is common to collect more information about a patient and his/her current status than just covered by the CDR. The generally accurate rating provided by the prototype software system may prove quite helpful in such settings. Before an investigator scores the CDR in the ''traditional'' fashion, the rater is generally required to undergo a period of training, the same BTRP that was used to score the Palm CDR. The Palm platform provides structure so that research assistants and nonphysician clinicians should be able to use it with little additional training (mainly familiarity with the platform and data entry).
There are limitations to this study. Despite these promising findings, further validation is needed to confirm the accuracy of this prototype software. A larger validation sample must be examined, including more non-AD dementia cases and with clinician raters from a broader spectrum of settings and professional backgrounds. Although the prototype software system for the CDR seems to be accurate, the evidence for this to date is based on data collected by experts in the traditional means of CDR administration and scoring. The global rating from this automated system will only be as accurate as the skills of the interviewer will allow. If the interviewer or rater has limited knowledge of dementia, or is unable to probe effectively when additional information is needed, what is entered to the software could be incorrect and, thus, could adversely influence the calculation of the global score. However, the traditional CDR scoring typically requires training. This training permits standardization of interrater reliability. 5 Similar training for the computer algorithm CDR would probably be required.
It is also unclear how clinical interviewers and raters may respond to software-generated domain scores and what use clinicians may make of the option to override the computer to incorporate clinician judgment. Previous research has supported that informants are reliable in detecting the earliest signs of dementia. 10 The algorithm does take into account a rating of the informant's reliability and asks the clinician to adjust the CDR accordingly. The algorithm was designed to improve the ease of administration and reliability of scoring, not to ''replace'' clinical judgment.
For the research community, a tangible benefit of this system lies in its efficiency of data collection and transfer. It is not necessary, for example, for the rater to be a physician or other highly trained professional. So long the rater has good interviewing skills and knows how to operate the software, the information entered should be sufficient to yield an accurate global rating of impairment. The prototype software developed for the Palm OS is transferable to other platforms/devices (eg, laptop or tablet PC), making this system even more attractive for use in both research and clinical settings.
We believe that the current software system represents an important advance for the evaluation of dementiarelated impairment, suitable for use in a variety of community research settings. The domain-specific algorithms embedded in the prototype accurately operationalize the clinical decisions and interpretations of recognized CDR experts across a wide range of patient-informant interviews. We believe that the high level of agreement achieved thus far warrants ''beta'' testing of this prototype, particularly in clinical research settings where reliability of data is critical.
